ABSTRACT This study was intended to discover how well computed tomography could recover the volume and weight of lung like foams in a body like shell, and then how well it could recover the volume and weight of the lungs in supine man. Model thoraces were made with various loaves of bread submerged in water. Computed tomography scans recovered the volume of the model lungs (true volume range 250-12 500 ml) within + 0-2 (SD 68) ml and their weights (true range 72-3125 g) within + 30 (78) g. Scans also recovered successive injections of 50 ml of water, within + 5 ml. Scans in 12 healthy supine men recovered their vital capacities, total lung capacities (TLC), and predicted tissue volumes with comparable accuracy. At total lung capacity the mean tissue volume of single lungs was 431 (64) ml and at residual volume (RV) it was 427 (63) ml. Tissue volume was then used to match inspiratory and expiratory slices and calculate regional ventilation. Throughout the mid 90% of lung the RV/TLC ratio was fairly constant-mean 21% (5%). New methods of presenting such regional data graphically and automatically are also described. This paper describes a study of estimates of regional gas and tissue volumes in the lungs of healthy people based on computed tomography. A conventional posteroanterior radiograph is an image generated by x rays travelling in straight lines. Its magnification is accurate and determined by simple geometry, from which the size of the lungs can be calculated reliably.' -The density information it contains, however, condenses three dimensions into two and cannot be used to calculate lung mass. By contrast, a computed tomograph purports to be an accurate map of position and density. It is, however, a fabricated image whose reconstruction rests on several assumptions, which make it vulnerable to error, particularly in the lung.
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This paper describes a study of estimates of regional gas and tissue volumes in the lungs of healthy people based on computed tomography. A conventional posteroanterior radiograph is an image generated by x rays travelling in straight lines. Its magnification is accurate and determined by simple geometry, from which the size of the lungs can be calculated reliably.' -The density information it contains, however, condenses three dimensions into two and cannot be used to calculate lung mass. By contrast, a computed tomograph purports to be an accurate map of position and density. It is, however, a fabricated image whose reconstruction rests on several assumptions, which make it vulnerable to error, particularly in the lung.
The primary information for the tomograph is collected in the form of banks of numerical data, describing the x ray intensities falling on each of very many minute sensors as a function of time. Each sensor is read every several milliseconds for a few seconds. Firstly, this information is scanned for, and filtered from, "obvious noise." Secondly, it is corrected for the phenomenon of beam hardening (the absorption of rays of lower energy by radiodense material). This will be especially complex where there are steep radiodensity gradients, as in the thorax. Thirdly, the image is reconstructed by effectively throwing back and overlaying the assumed densities of a vast number of single beams (back projection). Some workers have foreseen that if the computed image is correct it offers accurate estimates of regional gas and tissue volumes in the lung.4 Other investigators have shown that the technique provides good estimates of solid organ volume and mass in the abdomen (and in one pulmonary nodule).56 We cannot, however, directly transfer these findings to the lung. Its foam like structure and the complications of cardiac and respiratory motion introduce many artefacts, even in the thinnest and most rapid tomographic sections (1-3 mm, 1-5 s). These occur whenever a volume of space under study is partly occupied, or is occupied part of the time, by an alien tissue. The computed tomography density measured will then be the time and space weighted mean of all the tissue that occupied the volume element (voxel) during the measurement time. These artefacts, known as partial volume effects, are particularly common in the lung, especially at highly curved boundaries at the apices and costophrenic angles.
In the present study we aimed to discover how well computed tomography could recover the volume and weight of lung like foams in a body like shell, and then to find how well it could recover the volume and weight of the lungs in man.
Estimation of regional gas and tissue volumes of the lung in supine man using computed tomography Methods All studies were performed with an Elscint Exel 2002 whole body scanner with a single slice scan time of five seconds. It is a translate-rotate device, which acquires information from a bank of 290 1 x 10 mm sensors set on an arc of 13 m radius from an x ray source. The arc source boom rotates and then translates at each of five positions during a single scan. In the studies described here the slice interval was varied between 10 and 20mm, but the slice width was held constant at 10mm. The tomograph table could be advanced in steps of 1 mm. Preliminary studies showed that table position could be specified and read with an accuracy of + 0 5 mm. Data from the scanner were stored on magnetic tape, and transferred to a separate viewing console for analysis. All measurements were made from screen images and from the digital data banks on magnetic tape, and not from hard copy.
STUDIES ON LUNG LIKE FOAMS
We needed stable foams, of various densities comparable with healthy and diseased lungs, which could be surrounded by a body like shell (for beam hardening), to model thoraces ranging from that of a small child to that of an emphysematous adult. After some unsuccessful studies with natural sponges and plastic foams that were too radiolucent, we chose loaves of bread, wrapped in polythene film, submerged in a rather bigger bowl of water. The densities varied from 0 174 to 0-465. In principle, dry French bread approached the density of emphysematous lung and moist pumpernickel bread that of fibrotic lung, with a large range of reproducible doughs between them. Pieces of bread can be packed into any form and volume. We made many such models with volumes ranging from 210 to 16600 ml. Their actual volumes were determined by water displacement to the same depth as in the bowl. Their real weights were measured with a gravimetric balance known to be accurate to + I g. Because the loaves were more buoyant than the water in which they were submerged they had to be restrained by a lightly weighted rigid plastic sheet above them. They were scanned in pairs, at 1 cm slice intervals producing images that had several of the qualities of true thoracic scans (fig 1) .
The area of each "slice" of bread was calculated by using the arbitrary region ofinterest subroutine that is built into the manufacturer's software for the console. In this subroutine the operator sketches the boundary of the area of interest, using a joystick control. When the boundary is closed, the subroutine calculates the area it contains. It also takes note of the radiographic density of each contained pixel (in Hounsfield units) and compiles their means and standard deviations. We calculated the product of slice area and slice interval to obtain a computed tomography estimate of slice volume, and the product of slice volume and mean slice density to obtain a computed tomography estimate of slice mass (that is, tissue volume). To do this we assumed a linear relation between physical density and Hounsfield number in the range 0 (= water) to -1000 (= air). The estimated volumes and weights of all the "slices" were summed to obtain computed tomography estimates of the volume and weight of each loaf.
To assess the reproducibility of the arbitrary region of interest subroutine, we took a typical computed tomography scan of one slice of a normal subject's right lung, divided it into anterior, anterolateral, posterolateral, and posterior quadrants and estimated the area, density, and granularity (standard deviation of density) of each quadrant on 10 occasions, obtaining the results summarised in table 1. Area is reproduced within +2%, density within +2%, and granularity within + 8%.
STUDIES OF LUNGS IN MAN
Some commercial divers referred to us with suspected 0 barotrauma are found to have completely normal lungs in routine lung function tests, conventional radiography, and computed tomography. The computed tomography scans of 12 such individuals were chosen retrospectively for detailed analysis. Each of these men, in the course of his clinical scan, was required to breathe in to total lung capacity and to signal when that volume was reached before an inspiratory scan was taken. These men were also asked to breathe out to residual volume, and signal when that volume was reached before an expiratory view was recorded. Their lungs were examined in this fashion from apex to base, at total lung capacity and again at residual volume, at slice intervals that varied from 10 to 20 mm.
These scans were viewed at the console, the organ identification subroutine built into the manufacturer's software being used. In this routine the upper and lower limits of densities to be included are specified by the operator, who also indicates a point within the organ in question. The routine then automatically draws the outline containing all the confluent pixels having densities within the given range. It then assesses the area and the mean density and granularity of the region so outlined. To assess the reproducibility of this subroutine we applied it to two typical slices of a normal thorax, on 10 occasions each. Identical values of area, mean density, and granularity were obtained on every occasion.
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group Figure 9 shows directly. that in healthy supine lungs density is continuously Estimation of regional gas and tissue volumes of the lung in supine man using computed tomography but small volumes. In the middle 70% of lung volume (15-85% of the distance from apex to base) the distribution of tissue volume is very uniform at about 12% (SD 2%) of total lung volume. Table 5 shows values for regional residual volume as a percentage of total gas capacity (RV/TGC) in all 12 normal subjects. Partial volume effects again disturb the values in the uppermost and lowermost slices, but in the middle 70% of lung volume the proportion is fairly uniform, with average RV/TGC ratios of about 23% (5%).
Discussion
This paper rests on the demonstration that computed tomography scans accurately capture the density and volume of lung like foams surrounded by a body like exterior. Other workers have found that there is a linear association, lying close to the line of identity, between computed tomography and direct estimates of density-of plastic materials in the narrow density range 1-00-1 -34 and of isolated biological materials in the density range 0-92-2 20,'2 of plastic foams in the density range 0-01 to 1 00,13 14 and of isolated baboon lungs.'5 Others again have strapped pots or tubes of water to the chest in man, to provide explicit evidence that the calculated density of reference objects within the field of view but outside the body were correct, or could be used to correct in vivo values appropriately.'6 17 The present findings extend and support these previous observations.
Comparing our estimates of lung density in man with previous work is not easy for two reasons: other workers have used various degrees of lung inflation and various exclusions of hilar tissues and bronchial and vascular trees. Furthermore, most previous computed tomography estimates of lung density in man have been made close to functional residual capacity ("quiet breathing") or after an unstated degree of "full" inspiration'6 18 and inspiratory chest radiographs are usually taken at an imprecise level close to total lung capacity. Wegener et al,'9 like us,' -3 8 preferred to use a maximum inspiration because it was more reproducible; but they do not state how this was achieved. Robinson and Kreel'4 found an inverse and roughly linear relationship between lung radiodensity and lung inflation, but did not comment on the fact that, over the volume range from total lung capacity to residual volume, this association should be clearly curvilinear. Measurements of lung density have also been made with positron emission tomography20 and differences between radiographic and gas dilution lung volumes.' 21 The former measurements were made in the supine posture during quiet breathing and showed mean lung density to be 0-29 (SD 0 008) g/cm3, including the vascular component. The latter measurements were made in the erect posture and gave a lung tissue volume of 0-103 and 0 19 (0-03) ml tissue per ml (tissue and gas) at total lung capacity and functional residual capacity respectively.
We chose to compare our estimates of lung density in vivo with the morphometric data of Weibel," who provides sufficient information to allow estimation of the likely weight of that part of the lung seen by the computed tomography scanning routine. His study was limited to a single adult human lung obtained at necropsy. It had a total lung capacity of 6-4 litres and a total tissue volume of 1000 ml. This volume included 174ml of blood filled vessels, which we considered would have been sufficiently dense to be excluded by the organ identification subroutine used in this study-suggesting an expected radiodensity of "lung" tissue at total lung capacity of (1000 -174)/(6400 + 1000 -174) = 0-114. This value should be compared 628 with the mean of 0126 (0-0173) recorded here. The 10% excess can be attributed to the observed reductions in total lung capacity, noted in figure 5 , which are partly due to the subject's supine posture. 9 We were surprised by the closeness of the estimates of tissue volume between inspiration and expiration, since they might be expected to differ. This study, however, included only intrapulmonary vessels of fairly small calibre (that is, <5mm) by our chosen density limits.
There are several implications of the present study. Since the density range at full inspiration in normal lungs is narrow, such supine computed tomography scans can be used to identify areas ofpoor inflation or excess tissue volume on a slightly firmer quantitative basis than hitherto. Similarly, since the density range at full expiration, though wider, is still quite narrow, expiratory films can be used to identify areas of defective emptying or tissue loss, also on a slightly firmer quantitative basis than previously. In addition, a sequence of scans provides a map of regional ventilation and show tissue content with a little more precision than before. Changes in these variables with time might prove useful in the monitoring and management of oedema, inflammation, airway obstruction, and fibrosis. In addition, conceivably some extension of the dye dilution studies described by Reiser22 could lead to measurements of local vascular volumes and thus the separation of vascular from non-vascular tissue volumes. 
